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The range of an airplane can be shown to be p::'é-&‘i
portional to the product of lift-drag ratio and ovefr-all
efficiency of the engine. Lift-drag ratios of airgEaft .
with supersonic capabllity are considerably less thi n__. k,’
those of aircraft with only subsonic capability. Over=" R
all engine efficiency of afterburning englnes used to
attain supersonic flight In present aircraft is less
than the effliclency of thelr non-afterburning versions.

The purpose of this paper 1s to consider the feaslibility
of attaining, through the use of non-afterburning

engines, essentlially the same range with an all-supersonic
mission as the range currently obtained with a mission
incorporating subsonic crulse and supersonic dash.

#

DISCUSSION

In discussing alrplane performance, 1t is convenlent
to refer to the familliar Breguet range eguation.

Range = h e L/D loge 1 {1)
. 1-We/Wg

The first term, h, 1s the heat of combustion of
the fuel expressed as the number of miles for which one
pound of thrust is produced by burning one pound of fuel;
thus, if all the chemical energy in one pound of a typlcal
JP-4 turbojet fuel were converted into thrust, it would
produce one pound of thrust for approximately 2400 nauti-
cal miles. Since an engine does not have an efficlency
of 100 percent, the distance over which this pound of
thrust is available is considerably less than the ide&l
value. The next term, me, is over-all engine efficlency,
that is, the ratio of work done on the airplane (thrust
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times distance flown) to the energy of the fuel consumed
in flying the distance. For current JP-4 (jet fuel), the
relationship between engine efficiency,‘ne, and specific .
fuel consumption, SFC, 18 ¢ = (airplane speed in knots)

/2400 x SFCS) or above 35,008 feet = (.24) (Mach No.)/SFC,

where SFC 1s in terms of pounds of fuel per hour per

pound of thrust. The value, then, of h n, determines

the airplane flight dlstance over which one pound of

fuel willl produce one pound of thrust. The number of

pounds of airplane welght that this one pound of thrust

will support in the air is equal to the lift-drag ratio,

L/D, of the airplane, and is therefore introduced as the

next term in the equation.

Finally, the percent of gross weight that is fuel,
when multiplied as indicated in equation (1) results in
the range of the aircraft. The percent of gross weight
that 1s fuel is dependent on the percent of gross welght
that 1s required for airframe, propulsion system, fixed
equipment, and military load.

A detalled discussion of the interrelation of these .
Ffactors is gilven in Reference 1. The significant values
for these terms, Table 1, for a series of bomber ailrcraft
indicate the trends in these variables over the past 15
years. These data are representative of early models
of the aircraft listed. The radii listed are computed
from Equation (1) assuming that the cruise fuel is 90%
of the total fuel for the reciprocating engine bombers
and 80% for the turbo-jet bombers. It can be seen that
the ratio of structural plus fixed equipment weight to
gross welght ratio has been reduced about 50 percent over
the past 15 years. Pay load or military load has de-
creased about 60 percent attended by as much as an 8-fold
increase 1n gross weight. Lift-drag ratio has also
increaged about 50 percent. The decrease in structural
plus fixed equipment weight and the decrease in pay load
ratlo -has permitted a 5-fold increase in fuel to gross
welght ratioc. The final effect on range, as a result of
the marked advances made by the aircraft industry in the
areas noted above, is an increase in range of the B-52
type airplane over the B-24 type alrcraft of aEproximately
7-fold, or an increase inr combat radius from 440 nautical
.miles for the B-24% to better than 3,000 nautical miles
for the B-52.

¥

The data in Table 1 shows that the supersonic ®
performance over the target required for the B-58 airplane -
results in a marked reduction in range. This reduction d
ig due to the reduction 1n l1ift-drag ratio in the subsonic
flight phase as well as in the supersonic region. When

BT
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7 compared with the all subsonic machine the L/D at
subsonic flight has been reduced between 30 and 50
< percent, and the L/D at the supersonic flight speed

by approximately 65 to 75 percent.

Attentlon is now directed at the product of efficiency
and L/D in the range equatlion to determine the extent
to which the product could be increased for supersonic
flight. The thermodynamlc cycle characteristics of the
turbojet engine c¢learly indicate that large gains in
over-all efflcliency can be obtained by the use of a non-
afterburning turbojet engine (see figure 1 a). At
Mach 2, for example, the efflcilency at a turblne inlet
of 1550° F is approximately twice that obtained with an
afterburning englne. Although the use of a non-after-
burning turbojet engine for supersonic flight has been
considered in the past, two factors were primarily
responsible for it not belng adopted: 1large frontal
areas and high specific engine welghts. The thrust per
pound of air at turbine inlet temperatures of 1550° F
at Mach 2 is approximately 1/3 that of an afterburning
* system as seen in figure 1 b. Therefore, for this
condition the free-stream-tube-capture area for the non-
afterburning engine system will be from 2-1/2 to 3 times
that for an afterburning engline producing the same
thrust. The relationship of englne areas to free-stream-
tube-capture area for various flight Mach numbers is
presented in figure 2. Two recent developments have
made it appear that the non-afterburning turbojet engine
should be considered for supersonic flight. First, the
design trends 1n the engine industry toward non-after-
burning engines with specific engline weights at sea-level
static on the order of 0.10 to 0.25 lbs. per pound of
thrust. Second, the possibllity that the larger free-
stream-tube-capture area can be tolerated without undue
penalty in the airplane trimmed 1lift-drag ratio at
supersonic speeds.

In determining the effects of the decreased specific
engine weights, certaln aspects of engine and alrframe
matching wlll be conslidered. The problem of matching
requlres an examination of the variables that lnter-
relate the engline and airframe and ultimately determine
the range, altitude and Mach number of a given system.
The famillar Breguet equation illustrates to a first

- approximation the key engine and airframe variables,
their relationship to one another, and how they combine
to finally determine the range of the airplane. For

.o
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the engine, the specific engine weight and over-all
efficiency are important and in the airframe, the
trimmed L/D and the airplane welght distribution are
important.

In consldering the relationship of engine and
airframe variables that determine the altitude and Mach
number of the system, the following equation, expressing
the conditions that must be satisfled in level flight,
shows the lmportance of specific engine weight, L/D of
the airplane, and the percent of gross welght that is
engline:

We/F =L/MD - we/wg (2)

The above equation states simply that the gross weight
divided by the thrust output is equal to the airplane
1ift divided by the airplane drag. (L/D).

In determining the percent of the gross weight of
airplane that must be alloted to the power plant, we will
begin by examining the relationship between target alti-
tude and take-off wing loading. This relationship is
largely determined by the coefficilent of 1lift (C value
at a gilven Mach number for maximum 1lift-drag ratio and
the percentage of take-off gross weight that 1s target
weight. Filgure (3) presents the target altitude as a
functlion of the take-off or begin cruise wing loading
for representatave values of Wp/Wgc. Once a target
altltude has been selected, the take-off or begin
crulse wing loading 1s established.

We now 1include the engine requirement for the
altitude performance desired. To do this, we will next
refer to the relationship between target altitude and
thrust to gross weight ratio for a turbojet engine.
Simplifying equation (2):

Wg/F = L/D (3)
Corrected to sea level static conditions:
(WT/WBC) (Fsps/Fr) (Wg/F) sis = L/ (3 a)

(symbols are defined in Appendix)
Figure 4 shows target altitude versus take-off

thrust (whlch is assumed to be the same as the sea-level
static thrust) to gross-weight ratioc as derived from the

enelrT
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i above equation for a non-afterburning engine. A
representative L/D value at Mach 2 (which includes any
¥ penalty for the larger frontal area of the non-after-

burning engine) and representative values for target
welght as a percentage of take-off gross welght have
been selected. The figure illustrates that for target
altitudes from 55,000 to 70,000 feet, the thrust to
gross welght ratio at sea level statle 1s of the order
of .5 to .9 respectively.

So far, we have consldered in a gross sense the
general relationship of airframe variables that determine
target altitude and take-off or . begin crulse wing
loading and the thrust to gross welght ratio required by
the engine for a given target altitude as determined in
equation (3). Now it is necessary to evaluate the
compromises that can be made between specific engine
welght, percentage of gross weight that is power plant,
and percentage of gross welight that is fuel in order
to derive a realistic compromlse among altitude, Mach
number, and range. To do this we next examine the

¢ relationship of englne welight, airplane weight and
thrust for various target altitudes, considering the
non-afterburning turboJet. To lllustrate the problen,

a flight Mach number of 2 has agaln been selected for a
representative bomber configuration. Figure (5) presents
the ratio of engine weight toc alrvlane gross welight
versus the ratio of engine installed weight to thrust at
take-off required for target altitudes of 55, 60, 65,
and 70,000 feet. Installed specific engline welght 1is
defined as the dry specific engine weight times1l.25.

Let us now examine the interplay that exists among these
variables, and so obtaln an appreciation for the range
of specific englne weights that can make the non-after-
burning turbojet of interest for supersonic flight.

Let us begin discussion of Figure {(5) by considering
current state of the art in terms of the bomber confilgura-
tion or long-range interceptor where the installed engine
welght to airplane gross welght at sea level static is of
the order of 10 percent. At a value of engine weight to
airplane gross welght of 10 percent, horizontal intercepts
at various target gltitudes shown defines a range of
installed specific englne weight from approximately .10 to
.25 1bs. per 1lb. of thrust. However, if we are wllling

. to accept a higher value of engine weight to airplane
gross weight ratlo at sea level static take-off, let us
say, for example, 15 percent, we see that non-after-
burning engines with installed specific engine weights

R .
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on the order of .25 to0.30 can be consldered for all
supersonic non-agfterburning turboJet application. We
have not as yet, however, obtalned a clear picture of
what this trade in engine weight at the expense of fuel
welght means from a range loss standpoint. To cobtain
this appreciation, figure (6) presents the effect of
fuel weight reduction on range. This figure presents
the reduction in range (percent) versus reduction in
fuel weight (percent of gross weight) for various
values of fuel to gross welght ratio avallable for
crulse. It is pertinent to mention here that for bomber
type configurations or long range interceptors, the
fuel to gross welght ratio avallable is on the order of
60 percent, whereas, for the interceptor type aircraft
current values are on the order of 25 to 30 percent.

"A"Fange of fuel to gross welght ratios are indicated
because high altitude operation may require structure
welght increases. This increase in structure welight,
of necesslity, would have to come out of fuel welght.
Conslidering an engine welght to alrplane gross welght
ratio on the order of 15 percent, instead of current
practice of around 10 percent for bomber type configura-
tions, and applying that change 1in power plant welight
increase to a reduction in fuel weight, a total range
reduction on the order of 12 percent results.

The importance of the non-afterburning system
becomes clear when a range comparison 1s made between the
non-afterburning system and the afterburning system,
figure 7. In the flgure no penalty in the trimmed-1ift-
drag ratio is assumed for the non-afterburning system
because of the greater free stream tube area. The
supersonic L/D 1s assumed to be .42 of the subsonic L/D.

The figure shows, for a 2-point operating machilne,
the trade that can be made between dash radius and total
radius for the two systems. As the dash radius is
increased, (dash at Mach 2), the total radius is
decreased. This figure illustrates the compromises that
can be made between total radlus and dash radius. It
can be seen that for the assumptions made, a system
that employs subsonic cruise for 86% of the mission
radius and supersonic dash with afterburner for 14%, the
relative range is the same as that for the entire mission
performed at supersonic speeds, without the afterburner.
There is an attendant gain 1n cruise altlitude with the
non-afterburning system over that obtained with the 2-
point operating system (subsonic cruilse-supersonic dash)

Lo i
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b which is directly attributed.to the higher cruise

Mach number. The figure also indicates that for all
& supersonic performance, using the afterburner, a con-

siderable reductlion in total radius results over that
possible with a non-afterburning system.

In preparing figure 7, as mentloned, the supersonic
trimmed l1ift-drag ratios for the afterburning and non-
afterburning systems were assumed to be the same. Much
research is being conducted on methods to decrease the .
effect of the engine nacelle or inlets on the lift-drag
ratio of the airplane, and encouraging progress 1is being
made. Nevertheless, it 1s difficult to estimate without
a detailled design study the extent to which the assump-
tion can be approached. Any reduction In the lift-drag
ratio would result in a proportional reduction in the
curve for the all supersonic non-afterburning system.
For instance, a 10 pereent reduction in L/D for the non-
afterburner supersonlc system would mean a total super-
sonic range equal to that for a 75% subsonic, 25% super-
sonic afterburner dash systemn.

3 CONCLUDING RIMARKS

Advancements in "state-of-the-art" engine design
as related to engine specific welght have permitted
consideration of non-afterburning englnes for supersonic
flight with 1little or no change in the percentage of
engine alrplane gross welight ratio over that employed
with current alrplanes. Thls factor indlcates that an
all supersonic mission with ranges equivalent to the
current subsonic crulse-supersonic dash missions
utllizing non-afterburning engines has feasibility if
the larger free-tube-stream-capture areas associlated
with non-afterburning engines can be utilized without
undue penalty 1n the trimmed lift-drag ratio of the
alrplane.

Headquarters
National Advisory Commlittee for Aeronautlcs
Washington, D. C., November 18, 1955
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APPENDIX
SYMBOLS

Cr,, coefficient of 1ift

F, net thrust

Fr, net thrust at target

h, heat of combuastion

L/D, airplane trimmed lift-drag ratio
M, flight Mach number

S, wing area

SLS, sea level static

W airframe weight

arf?>
Wpes alrplane welght at begin cruise
Wa, engine Installed weight
Wy, fuel weight
Wg, airplane gross weight

- wpl, payload
Wp, airplane target weight

MNe: overall engine efficiency

REFERENCE
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TABLE I - PERFORMANCE DESIGN TREND

Ratlios tc airplane gross weight
AirplaneFAirplane Engine|l Fuel |Alrframe|Payload Wing Flighy Trimmed Over-all Rad;us
gross |welght] weight| welght | welght |loading| Mach | 1lift-dragl engine n.mi.(1)
welight numbed ratlo efficlency
We/wg wf/wg Waf/wg Wpl/wg Wg/s M Q/D N, %
B-24 56,000 |.179 | .123 | .443 255 38, 0.3 13.0 2k 4o
B-29 105,00 |[.193 | .2%2 |.432 .133 81.4 o447 | 17.0 28 1400
B-50 164,500 |.171 |.320 |.275 234 100.5 | 0.5 | 16.6 28 1890
B~36 370,000 |.105 |.502 |.335 .058 77.5 | 0.6 | 19.4 28 3920
®-47 |200,000 }.109 |.525 |[.381 085 [133.2 | 0.78( 17.T7 18 2080 *
B-52 450,000 |.097 |.592 |{.212 099 n12.5 | 0.73| 20.0 20 3100
B—58(2) 147,000 {.10% |.620 |.226 .05 1.00.0 | 0.90| 12.0 20 1970
2.0 5.0 20 820

(1) All radius calculations are based in the Breguet range equation and a8 such give values
somewhat ‘dLlfferent than those shown in company performance reports or the USAF "Green
Book." The numbers shown ln the table provide -comparative radius values.

(2) A typlcal mission 1s a total radius of 1640 n. miles of which 200 n.m. are dash
at M=2,0, The remaining radius of 1440 n.m. 1s flown at M=.0.

az
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Target weight/take-off gross weight
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50,000 ] | ] | §
80 . 100 120 140 160 180
Take-off or begin cruilse wing loading, 1b/sq £t

Figure 3.~ Relationship of target altitude and take-off wing loading
for bomber configurations. Lift coefficient, €1, 0.2;
flight Mach number, 2.0.
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Figure 6.- Effect of fuel weight reduction on range.
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3.1.3
1.7.1.3

APPLICATION OF NON-AFTERBURNING TURBOJETS TO SUPERSONIC

FLIGHT
Abstract

Airplane performance is analyzed to relate the
effects of non-afterburning turbojet engine application
to all supersonic flight and the resulting ranges of
specific engine weight, overall engine efficlency, and
airplane variables, i.e. L/D that make this engine

application appear feasible.
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